The present study was carried out to investigate the effect of NMDA, bicuculline and kainic acid (KA) on the extracellular concentration of glutathione, phosphoethanolamine (PEA) and taurine in rat hippocampus in vivo. Rats were implanted with intrahippocampal microelectrodes perfused with free-glucose Krebs-Ringer solution and allowed to recover for about 2 h. After assaying baseline concentrations of amino acids, NMDA or bicuculline was administered intrahippocampally, whereas KA was given systemically. Either treatment resulted in significant high extracellular concentrations of glutathione, but only NMDA or KA resulted in high concentrations of PEA and taurine. Interestingly, the increase in glutathione concentration due to KA was followed by a delayed increase of glutamate and PEA. Our results demonstrated that increased efflux of glutathione, a common consequence of different neuroexcitotoxic agents, occurs in vivo. Given that the agents used in the present study were also convulsunts, the implication of the findings on seizure predisposition was also considered.
Introduction
Glutathione, a tripeptide of glutamate, cysteine and glycine, displays high intracellular concentrations [1] [2] . This high concentration can be related to its functions in maintaining the overall reduction-oxidation potential states of neural cells [2] and protecting them against oxidative damage [3] [4] . Apart from the well-characterized functions in all cell types, much evidence shows that its extracellular [5] and/or intracellular [6] pool might also act, in the brain, as a neurotransmitter/neuromodulator via different mechanisms [7] like enhancement of NMDA receptors function and contribution in synaptic plasticity such as LTP [8] [9] .
Moreover, there is considerable evidence that oxidative stress occurs as a consequence of prolonged seizures and may contribute to the generation of the epileptic state [10] [11] . A generalized underlying mechanism for these acute and chronic neurological diseases may be partly mediated by oxidative stress caused by overactivation of glutamate receptors [12] .
Taurine is considered to have osmoregulatory [13] , antioxidant [14] , and neuromodulatory [15] effects, which render it to serve as endogenous anticonvulsant [14] . Moreover, phosphoethanolamine (PEA) release has been shown to be associated with several neurological disorders such as hypoglycemia, ischemia as well as epilepsy in vivo [16] [17] and in vitro [18] .
In earlier studies, we found marked increase in the extracellular concentrations of glutathione, taurine and PEA in acute hippocampal slices [19] and in organotypic slices cultures [20] in response to glutamate receptor activation. Thus, the present study is a continuation of our previous research using microdialysis techniques in vivo for measuring changes in extracellular concentrations of these substances following glutamate receptor activation or the GABA receptor block and monitoring the changes in concentration during the early time window following drug application. Given that these agents are implicated in the generation of epileptiform activity and limbic seizure and that the available evidence indicates a temporal correlation between free radical generation and the development of epileptic seizures [4] , the implications of our findings for these processes are also considered.
Materials and Methods
Adult male Sprague-Dawley rats, weighing 250 -300 g were used for this study. All efforts were made to minimize animal suffering and to reduce the number of rats used. The procedures conformed to the guidelines of the Swedish Council for Laboratory Animals and were approved by the Local Ethics Committee of University of Gothenburg.
Experimental Procedures
Experimental procedures were conducted as described previously [17] with slight modification. Briefly, animals were anesthetized initially with isoflurane and maintained under anesthesia by i.p. injection of urethane (1.2 g/kg). Then, they were mounted in a stereotaxic frame. Following local anesthesia, two craniotomies were made over the parietal bone and the dialysis probe was positioned in the hippocampus (coordinates: anterior, 4.3 mm, lateral, 2.5 mm, from bregma, and 4.0 mm depth).
The dialysis probe, as developed previously [17] , was perfused with oxygenated glucose-free Krebs-Ringer bicarbonate medium [21] at a flow rate of 2 µl/min and a steady-state period of about 2 h was allowed before any dialysates were collected for amino acid and peptide analysis to reach "base-line" condition. At the end of this period, perfusate fractions were collected at 20 min intervals resulting in 40-µl volumes for each sample. The location of the probe was confirmed by visual examination of the hippocampi at the end of each experiment. The changes measured in the dialysis state are taken as an index of an altered extracellular concentration.
Drugs administration and amino acids analysis To ensure that a stable biochemical baseline was established, samples were collected for 60 min prior to the fractions with or without acivicin (AT-125) administration (0.2 mM), which was done for more 40 min before the drugs were either perfused via the inlet of dialysis probe or given via systemic injection. NMDA, bicuculline, a GABA A receptor antagonist, and kainic acid (KA), all purchased from Sigma (St. Louis, MO, USA), were dissolved in saline and perfused intrahippocampally to the both hippocampi (NMDA, 1 mM and bicuculline, 100 µM) or given intraperitoneally (KA, 10 -12 mg/kg). The collected perfusates are later assayed using high-performance liquid chromatography (HPLC) and fluorescence detection after automatic precolumn derivatization with o-phthal-dialdehyde as described previously [17] [20] . The identification of amino acids in the dialysates was performed by comparison of retention times for each amino acid with that of the standard and the release of the amino acid was expressed as a percentage of the baseline period. The methodology does not discriminate between thiols and disulfides; the term glutathione therefore refers to the total concentration of reduced glutathione, glutathione dimers, and mixed glutathione disulfides [20] .
Acivicin, donated by UpJohn (Partille, Sweden), was added to one side of hippocampus to block irreversibly the gamma-glutamyl transpeptidase (GGT) enzyme. The purpose of acivicin addition is to prevent the concealing of increased efflux of glutathione by its breakdown extracellulary, whereas its omission was intended to investigate whether a rise in the extracellular glutathione concentration might not be influenced by glutathione breakdown. Furthermore, the increase in extracellular concentration of glutamate may be due to liberation from the glutathione hydrolysis [22] .
Statistical Analysis
All values were expressed as the means ± SEM. All groups are analyzed using ANOVA followed by Dunnett's (2-sided) test to determine level of significance. Figure 1 . Changes of total extracellular glutathione following KA, NMDA, and bicuculline (Bic) in absence of acivicin. The hippocampus was perfused with Krebs-Ringer solution for 40 min followed by administration of (a) KA (n = 5); (b) NMDA (n = 4), or (c) Bic (n = 4). Horizontal bars indicate periods of the drug administration. The rationale for two fractions bicuculline perfusion is that such dose has been shown to be sufficient to induce seizure activity [28] . Results are expressed as mean of the concentration of total glutathione in one hippocampus wherein acivicin was not added. * P < 0.05 when comparing the drug-mediated efflux with the basal efflux. Concentrations of aspartate, glycine or glutamine were not influenced by either drug (data not shown). The extracellular concentration of glutamate is significantly high 60 min following KA administration. This high concentration continues throughout the experiment (for extra 80 min; Figure 3(a) ). This response is not shown with either of other drugs (Figure 3(a) ). It is quite obvious that the baseline values of glutamate are different as seen in the first 20-min fraction in which glutamate is too high in bicuculline experiments. This difference could be presumed to be due to different times, at which experiments of each group were conducted, which might likely associate with different rat age, weight as well as individual variation.
Results and Discussion
Furthermore, addition of acivicin did not change the extracellular glutamate indicating that the increase in glutamate is not due to hydrolysis of glutathione (Figure 3(b) ) (cf. Ref. [23] ).
Discussion
The principal results of these experiments are in accord with our previous observations in vitro [19] [20] . However, although there is accumulating evidence indicates that hippocampal oxidative insults might be involved in KA-induced neurotoxicity in vivo [24] and in vitro [25] and seizure activity coincides with enhanced oxidative stress [10] [24], the stereotaxic strain and the continuous anesthesia might mask the appearance of motor activity though they would not necessarily prevent the electroencephalographic activity [26] or the appearance of facial motor activity as observed in the present study. Similarly, it is well known that g-aminobutyric acid (GABA) modulates the excitability of pyramidal and granule neurons in the hippocampus [27] and both, blockade of GABA A receptors by bicuculline [28] and activation of the NMDA receptors [29] are commonly used as seizure models. KA administered systemically induced continuous high glutathione concentrations evident in the second fraction. This result has a temporal pattern similar to that shown in acute hippocampal slice preparations [19] , suggesting that the drug quickly infiltrates the brain. Given that the net efflux of oxidized glutathione has been shown to be higher during basal conditions than following NMDA perfusion [19] , it is plausible that the increase in extracellular glutathione represents majorly a reduced form of the tripeptide.
The NMDA-induced increase in extracellular glutathione levels also exhibits a temporal pattern similar to that seen in vitro preparations [19] [20] [30] . However, despite continuous NMDA perfusion, glutathione concentration returned back to its baseline values 100 min after the perfusion (Figure 1(b) ). Although this relatively sustained increase in concentration compared to transient increase induced by drug puffs in vitro [19] [20] , the return to baseline values may indicate that glutathione efflux is a transient step during insult conditions. This is compatible with insult induced by transient intrahippocampal bicuculline perfusion (Figure 1(c) ).
Although the significance of glutathione efflux to brain function is not very clear, the tripeptide may furnish the immediate extracellular milieu of cells against oxidants, which are associated with excitotoxicity induced by glutamate analogues [12] , disinhibition of GABAergic pathway or associated with neuropathological disorders such as stroke and seizures [31] [32] .
Regardless the sources of glutathione efflux [19] [20] [33] , the transient characteristic of the increase in extracellular glutathione concentration following different administration regimes (systemic and intrahippocampal), different drugs, and different intervals (continuous and transient) gives a clue that it might be a putative early biomarker for the development and/or severity of several neuropathological conditions. For example, enhanced efflux of the oxidized glutathione from neurons in vitro was observed to precede cell death in a toxicity model involving oxidative stress [34] . Furthermore, the significant increase in the extracellular concentration of glutathione 40 min following KA injection (Figure 1(a) ) is compatible with the significant value of behavioral score of epileptic seizure induced by the drug. This score reaches maximum value at 100 min following injection [33] .
An increase in the extracellular concentrations of taurine is also shown to accompany glutathione. Although the effect of KA and NMDA on taurine efflux shown in the present work is in line with previous reports [20] [30], the lack of such effect by bicuculline is surprising (see below).
Beside its roles as osmoregulator and antioxidant, taurine has a neuromodulatory effect (for references, see Introduction) against glutamate neurotoxicity [35] . The time point at which maximal taurine release is observed following NMDA perfusion is compatible with in vitro studies [19] [20] , as with various excitotoxic conditions [16] [17] . Similar effect to in vitro [19] and in vivo [36] drug application is induced by KA (Figure 2(c) ). Regarding the lack of bicuculline's effect on taurine release, it is known that basal taurine release is potentiated by GABA transmission, but not influenced by the GABA A receptor antagonist bicuculline [37] , indicating the plausibility of other GABA receptors to mediate taurine release.
Although the fast increase in the extracellular concentration of PEA induced by NMDA perfusion is incompatible with findings shown in vitro [19] [20] and in vivo [18] , the delayed release following KA injection is similar to that shown in vitro [19] and in vivo [36] preparations. It is likely that the increase in PEA concentration originates from the intracellular free pool rather than from phospholipid breakdown [16] [30] [38] .
The delayed increase in glutamate concentration following KA injection seems also incompatible to the findings shown in vitro preparation [30] , which revealed either no effect or even a decrease in the net efflux of glutamate [19] . Although it is not very clear why KA injection has different effect on the extracellular glutamate concentration compared to KA puff in vitro, despite the parallel time point at which glutamate concentration was analyzed, i.e. 80 -120 min (Ref. [30] ) vs. Figure 3(a), Figure 3(b) , likely in vivo experiments have distinguished characteristics that diverge from in vitro organotypic preparation [33] , such as the involvement of activation of the hypothalamic-pituitary-adrenal axis in the mechanisms of KA systemic injection [39] . Furthermore, it is unlikely that the extracellular pool of glutamate following KA injection serves in glutathione synthesis as at 120 min following KA injection the glutathione concentration returned back to baseline values (Figure 1(a) ) whereas glutamate was significantly high (Figure 3(a), Figure 3(b) ). It can be suggested that the KA-evoked glutamate increase in the extracellular concentration, preceded by high glutathione concentration, may be associated with triggered seizure activity [40] , constituting a hallmark in vivo. The absence of an effect on the concentration of other amino acids (e.g. glutamine) is in line with the suggestion that the elevated glutamate is not due to ischemic effect or neuronal damage (cf. Ref. [16] ). The lack of effect of either bicuculline or NMDA on glutamate concentration could be relied on the relatively short time points of monitoring or to other unknown factors.
The relevance of these findings to induction of seizure can be described in the following tentative scenario:
The initial stages of KA-induced seizures, which are restricted to limbic structures, represent a model of propagation of focal, temporal lobe seizures [41] . This is in analogy with local administration of other convulsants such as NMDA [29] [42] and bicuculline [28] [43] . Consequently, the induced increase in the extracellular glutathione concentrations caused by the drugs used in this work raises the issue whether extracellular glutathione serves protective [44] or harmful [45] functions similar to its intracellular pool. However, the transient property of the increase rules out the likelihood of harmful effect, preferring the suggestion of a protective response (cf. [44] ). It remains though possible that extracellular glutathione is excitotoxic when the increase was high [46] and/or associated with an increase in the glutamate concentration [47] [48], observed to follow KA administration. Taurine is a modulator of neuronal excitability and may therefore serve as endogenous anticonvulsant [14] [49] . This implies that flooding of the interstitial space by taurine might constitute an autoprotective mechanism against toxicity induced by KA [50] , NMDA [51] , and bicuculline [52] . On other hand, the immediate increase in extracellular levels of the lipid component, PEA, following local perfusion of NMDA may reflect membrane recycling and signaling (e.g. [53] ); whereas the delayed increase following systemic KA administration may reflect the slow pharmacokinetics of the drug. This is likely the case because the temporal profile of PEA was nearly close to glutathione, when acivicin was omitted (Figure 1(a) vs. Figure 2(b) ). It remains though enigmatic that bicuculline did not induce an effect on the extracellular concentration of PEA despite the mechanistic association between PEA and taurine is well-documented [54] [55] .
Notably, it is still cautious to conclude whether these changes in the extracellular concentrations of amino acids and glutathione are generally due to the inducing agents themselves, to the shift from normal into ictal discharges [56] , or they are solely connected with the masked behavioral seizures. For elucidating these issues, further studies should focus on the temporal relationship of these parametric changes and electrophysiological activity on one hand, and on the relationship between these changes and behavioral activity, on the other hand.
Altogether, it can be presumed that the changes in the amino acids and glutathione may constitute early transient biomarkers for seizure induction although a mechanistic correlation between them and seizure propagation is hardly to be imagined at this stage of study. In the light of these preliminary results, a tentative pictorial model is described in Figure 4 . Figure 4 . Schematic illustration describing a working hypothesis based on the current findings. While anesthetic and stereotaxic approaches masked behavioral signs associated with seizure propagation, biochemical changes were obvious. This could be inferred from the glutamate (Glu) increase following systemic KA administration. However, despite the agents exert seizure activity via different mechanisms of action, and despite they were given via different routes; they share the characteristic on glutathione (GSH/GSSG) and taurine (Tau) extracellular increase. The latter parameters are plausibly indices for the predisposition of seizure activity in the hippocampus by representing a protective response in trial to ameliorate and delay seizure propagation. In contrast to other agents, the KA-mediated high extracellular Glu concentration may act synergistically with glutathione to accelerate behavioral and/or electrical seizure activity. However, the illustration is simplistic as it does not take in account the hippocampal regional differences which are well known to have different stage contribution during seizure induction mechanisms.
Conclusion
Although glutathione has generally been shown to have implication in both long-standing, chronic neurodegenerative disorders [3] [57] as well as aging [58] , and acute conditions such as cerebral ischemia [59] , the pharmacological agents in the present work are known to be excitotoxic as well as commonly used as convulsing chemicals. Although the present report is in principle descriptive, as several other issues such as the temporal correlation between the amino acid parameter changes and cell death, the source for the extracellular glutathione pool, the consequence, if there is any, of the elevated peptide and amino acids as well as an mechanistic explanation for the shown changes remain to be investigated, it can be proposed that the parameters observed here represent early neurochemical hallmarks for a wide-spread neurological disorder, including epileptic and/or epileptogenic events. Thus, while glutamate release and/or uptake inhibition are antecedent to the occurrence of convulsions, glutathione, taurine, and to less extent PEA may constitute the first biomarkers for excitotoxicity and seizure activity. The application of the method to humans has been introduced, since long time in clinical settings [60] [61] . If the proposal were true, both diagnostic and therapeutic strategies can take the advantage of the appearance of these markers, which, for example, may accelerate diagnostic procedures and improve the outcome of therapeutics within a critical period.
